The initiation and propagation of the early processes of bystander signaling induced by low-dose a-particle irradiation are very important for understanding the underlying mechanism of the bystander process. Our previous investigation showed that the medium collected from cell culture exposed to low-dose a-particle rapidly induced phosphorylated form of H2AX protein foci formation among the non-irradiated medium receptor cells in a time-
The initiation and propagation of the early processes of bystander signaling induced by low-dose a-particle irradiation are very important for understanding the underlying mechanism of the bystander process. Our previous investigation showed that the medium collected from cell culture exposed to low-dose a-particle rapidly induced phosphorylated form of H2AX protein foci formation among the non-irradiated medium receptor cells in a timedependent manner. Using N G -methyl-L-arginine, 4-amino-5-methylamino-2 0 ,7 0 -difluorofluorescein diacetate and N xnitro-L-arginine (L-NNA) treatment before exposure to 1 cGy a-particle, we showed in the present study that nitric oxide (NO ) produced in the irradiated cells was important and necessary for the DNA double strand break inducing activity (DIA) of conditioned medium and the generation of NO in irradiated confluent AG1522 cells is in a time-dependent manner and that almost all NO was generated within 15 min post-irradiation. Concurrently, the kinetics of NO production in the medium of irradiated cells after irradiation was rapid and in a timedependent manner as well, with a maximum yield observed at 10 min after irradiation with electron spin resonance analysis. Furthermore, our results that 7-Nitroindazole and L-NNA, but not aminoguanidine hemisulfate, treatment before exposure to 1 cGy a-particle significantly decrease the DIA of the conditioned medium suggested that constitutive NO from the irradiated cells possibly acted as an intercellular signaling molecule to initiate and activate the early process (p30 min) of bystanderIntroduction Nitric oxide (NO ), generated from arginine by the activation of nitric oxide synthase (NOS), is a major signaling molecule in the immune, cardiovascular and nervous systems (reviewed by Stefano et al., 2000) , either by acting within the cell in which it is produced or by penetrating cell membranes to affect adjacent cells (Murad, 1998) . The uniqueness of NO as a redox signaling molecule resides in part in its relative stability and hydrophobic properties that permit its diffusion through the cytoplasm and plasma membranes over several cell diameter distances (Beckman and Koppenol, 1996) . The toxicity of NO is linked to its ability to combine with superoxide anions ( O 2 À ) to form peroxynitrite (ONOO À ), an oxidizing free radical that can cause DNA fragmentation and lipid oxidation (Beckman et al., 1990; Jourd'heuil et al., 1997) . Recent findings show that ONOO À may act as a signaling molecule capable of upregulating protein tyrosine phosphorylation, which plays an important role in the regulation of cell communication, proliferation, migration, differentiation and survival (Murad, 1998; Minetti et al. 2002) . The activation of NOS is involved in the cellular response to such stimulants as chemical or irradiation. Stefano et al. (1995) and Stefano (1998) demonstrated that activation of human endothelial cells with morphine or anandamide stimulated NO release. Recent studies have demonstrated the important role of NO in mediating the bystander response induced by lowdose irradiation. For instance, Matsumoto has shown that X-ray irradiation activates the activity of inducible nitric oxide synthase (iNOS) as early as 3 h post-irradiation and the activity of iNOS keeps increasing by 24 h postirradiation (Matsumoto et al., 2001) . The release of NO from irradiated cells, measured to be in the micromolar level to the medium, induced an increase in radioresistance among the non-irradiated cells which were co-cultured with the irradiated ones (Matsumoto et al., 2001) . Shao et al. (2003a Shao et al. ( , 2004 presented evidence for a significant increase in the incidence of micronuclei in the non-irradiated bystander cells that were in the vicinity of ones irradiated through either the nuclei or the cytoplasm with a microbeam facility. Furthermore, 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (c-PTIO) (a scavenger of NO ) abolished excess micronuclei formation. Using the fluorescent probe, 4-amino-5-methylamino-2 0 ,7 0 -difluorofluorescein diacetate (DAF-FM), and targeted with a precision microbeam, Shao et al. (2003a) detected an increase in the number of fluorescent-positive cells than the actual number of directly irradiated cells. The author suggested that NO mediated the bystander effect and attributed the induced NO to the activation of iNOS. In our previous studies, based on the immunochemistry of phosphorylated form of H2AX (g-H2AX), a reliable marker to reflect the induction of DNA double strand breaks (DSBs) in cellular nucleus (Rothkamm and Lobrich, 2003; Sedelnikova et al., 2002 Sedelnikova et al., , 2004 , we demonstrated that in situ visualization of DSBs could be used to assess the early events of radiation-induced extranuclear/extracellular (bystander) effects (Hu et al., 2005) . In addition, the bystander DSBs were induced in a time-dependent manner and could be detected as early as 2 min post-irradiation (Hu et al., 2006) . However, the nature of these intercellular signaling molecule(s) and how they participate in initiating radiation-induced bystander effects (RIBE) are not clear. As NO generated by iNOS has been reported to be important for induction of late event of RIBE, such as MN, it is not clear if NO also plays a functional role in the initiation of early effects and, if it does, by which pathway. Leach et al. have revealed that after 2 Gy Xray irradiation, the activity of constitutive nitric oxide synthase (cNOS) is transiently enhanced at 5 min postirradiation and by 30 min the activity has returned to basal levels. These results indicated that activation of cNOS is an early signaling event induced by ionizing radiation (Leach et al., 2002) .
In the present study, we investigated the nature of the intercellular signaling molecule(s) in the initiation and early process of low-dose a-particle-induced bystander response. We hypothesized that NO acted as a signaling molecule in the early process of radiation-induced DSBs in non-irradiated bystander cells. To address these goals, a medium transfer approach was adopted. By treating the cells with
, aminoguanidine hemisulfate (AG), DAF-FM diacetate or by electron spin resonance (ESR) analysis, we studied the kinetics in the generation of NO in irradiated cells, as well as the reactive nitrogen species (RNS) stress to the nonirradiated, medium receptor cells. Our results suggested that NO , more likely constitutive NO, act as an intercellular signaling molecule which initiates and activates the early process (p30 min) of radiationinduced bystander response.
Results

NO
mediates the DSBs induction in bystander normal human skin fibroblasts Using the medium transfer approach, our previous study showed that irradiated cells secreted the DSB-inducing factor(s) into the medium rapidly after irradiation in a time-dependent manner and this factor(s) contributed to the induction of excessive DSB-positive cells in the non-irradiated (medium receptor) cells (Han et al., accepted) . It was shown that the incidence of DSBs induction was maximal in nonirradiated cells (medium receptor) that received medium from cells irradiated for 10 min, or in other word, the DSB-inducing factor(s) released from the irradiated cells, reached a maximum by 10 min post-irradiation. Furthermore, the DSB-inducing activity (DIA) of conditioned medium was dose-independent (Figure 2-3 in Supplementary data). Therefore, in the present study, 10 min post 1 cGy irradiation was chosen as the time point to study the characteristic of the DSB-inducing factor(s). To investigate whether NO mediated the early process of bystander effect based on the incidence of DSBs in the medium receptor cells, an inhibitor of NOS, L-NMMA (1 mM), was used in the incubation of donor cells for 1 h immediately before irradiation. The conditioned medium collected at 10 min post 1 cGy a-particle irradiation was transferred to the medium receptor cells. L-NMMA (Molecular Probes, Eugene, Oregon, USA) has been shown to be an effective NOS inhibitor (Leach et al., 2002; Liu et al., 2005) . However, in the presence L-NMMA, the conditioned medium collected at 10 min post-irradiation showed no distinct DIA (15.7-15.1%, P ¼ 0.83) (Figure 1 ), whereas only a marginal decrease (29.6-26.0%) in DIA was found with D-NMMA Figure 1 Effect of the NOS inhibition, L-NMMA (a NOS inhibitor, 1 mM), D-NMMA (non-reactive D-enantiomer, 1 mM), 7-Ni (a selective cNOS inhibitor, 4 mM) or AG (a selective iNOS inhibitor, 0.1 mM) on the induction of bystander DSBs. Media from either sham-irradiated donor culture or donor culture irradiated with 1 cGy dose of a-particles were treated with or without drug treatment and DSBs were quantified by g-H2AX immunochemical staining. Results show that L-NMMA or 7-Ni treatment 1 h before irradiation effectively blocked the DSBs induction in receptor bystander cells treated with the conditioned medium collected at a period after 10 min post-irradiation. However, treatment with D-NMMA or AG had no distinct effect. Data are pooled from three independent experiments and the results represent mean7s.d. P-value o0.05 is considered significant between groups.
Nitric oxide as a signal in bystander effects W Han et al (Molecular Probes, USA), a negative control of L-NMMA ( Figure 1 ). These results suggested that NO contributed to the formation of excessive DSBs in the receptor cells.
To distinguish the functional role of cNOS or iNOS in DSBs induction, 4 mM 7-Ni (Sigma, St Louis, MO, USA), a selective inhibitor of cNOS (Qu et al., 2001 ), or 0.1 mM AG (Sigma), a selective inhibitor of iNOS (Rao et al., 2002; Matsumoto et al., 2000 Matsumoto et al., , 2001 , was used to treat the medium donor culture 1 or 2 h before irradiation, respectively. The results with chemicals treatment were shown in Figure 1 . In the presence of 7-Ni, the conditioned medium collected at 10 min postirradiation had no distinct DIA (16.1-16.2%, P ¼ 0.94), but AG treatment showed no inhibitory effect on the DIA of conditioned medium (30.8-19.5%, Po0.01). These results indicated that NO, derived from the constitutive pool of cNOS, mediated the early process of DSBs induction.
Generation of NO
, most likely constitutive NO, is derived from the irradiated cells To distinguish whether the NO modifier acts on the donor or the recipient cells, the medium donor culture was treated with 20 mM DAF-FM diacetate, a fluorescent dye for detecting NO and/or nitrite (NO 2 À ) (Kojima et al., 1998 (Kojima et al., , 1999 Lacza et al., 2003) , for 30 min. The medium with excessive dye was removed and the cultures were rinsed and replaced with fresh culture medium. After irradiation, the cells were cultured for 10 min and the medium was transferred to the recipient cells to detect the DIA. DAF-FM diacetate can permeate well into cells and is quickly transformed into water-soluble DAF-FM (non-membrane permeable) by esterases in the cytosol, where the dye can remain for a long time. DAF-FM will react with NO (or NO 2 À ) to yield highly fluorescent DAF-FM T, which is also non-membrane permeable. DAF-FM T is not formed in the absence of NO (or NO 2 À ). In some experiments, the medium donor culture was incubated with 1 mM L-NNA (Sigma), an irreversible selective inhibitor of cNOS (Dawson et al., 1991; Kiang et al., 2003) , for 30 min, then the excess inhibitor was removed and the culture was rinsed with fresh culture medium three times before irradiation. Our results indicated that treatment of the donor culture with DAF-FM diacetate or L-NNA before irradiation prevented the conditioned medium, harvested at 10 min post-irradiation, from inducing DSB in receptor cells (14.5-15.6%, P ¼ 0.69 for DAF-FM diacetate; 15.8-15.2%, P ¼ 0.67 for L-NNA) ( Figure 2 ). These results clearly indicated that the generation of NO, most likely constitutive NO , in the irradiated cells was very important and necessary to the DSBs induction in the medium receptor cells.
Radiation stimulates cellular NO
/NO 2 À production in irradiated cells with time With the fluorescent probe DAF-FM diacetate, the production of NO /NO 2 À in confluent AG1522 cells was monitored as a function of time post-irradiation. Figure 3 shows that 1 cGy dose of a-particles stimulated NO /NO 2 À production in AG1522 cells in a timedependent manner with most of the NO production reaching a peak in about 10-15 min post-irradiation. After 10-15 min, no distinct increase in fluorescence intensity is observed, which indicates no NO was produced in cells (Kojima et al., 1998 (Kojima et al., , 1999 . ) react with c-PTIO to form c-PTI (Pfeiffer et al., 1997; Janssen et al., 1998) , the decreased intensity of c-PTIO signal implied the total NO /ONOO À production (Janssen et al., 1998) within 30 min post-irradiation. The spectrum of PTIO consists of a five-line signal with an intensity ratio of 1:2:3:2:1 (Janssen et al., 1998) . In the presence of NO /ONOO À , the intensity of the signal decreases in a dose-dependent manner (Janssen et al., 1998) . In the irradiated donor culture, the measured signal intensity was only about one-half comparing with the sham-irradiated culture (Figure 4a ). The loss in signal intensity could be attributed to the reduction of PTIO, which reacts with NO /ONOO À . In the absence of cells, irradiated medium alone had no measurable effect on the signal intensity ( Figure 4b) . Treatment of the cells in culture with an NOS inhibitor, L-NMMA, resulted in no distinct difference of signal intensity between sham-irradiated culture and the 1 cGy dose of a-particle-irradiated culture (Figure 4c 
Induction of DSBs with low-level ONOO
À anions and the activation of iNOS might not be involved in the early process of DSB inductions The toxicity of NO is linked to its ability to combine with O 2 À to form ONOO À , an oxidizing free radical that can cause DNA fragmentation and lipid oxidation (Beckman et al., 1990; Jourd'heuil et al., 1997 ). To investigate whether low level of NO (several hundred nM to 1 mM) could induce DSBs in the cultures, 1 mM ONOO À , synthesized as described (Fernandes et al., 2005) , was used to treat the confluent AG1522 for 30 min and the cells were fixed for DSBs assessment. The results shown in Figure 7 implied that even low level of ONOO À (1 mM) could induce DSBs effectively (28.7-14.6%, P ¼ 0.005) in the cultures.
Discussion
DSBs are considered to be the most relevant lesion for the deleterious effects of ionizing radiation (DahmDaphi et al., 2000; Hoeijmakers, 2001; Van Gent et al., 2001) . Using a fluorescent antibody specific for g-H2AX, discrete nuclear foci can be visualized at sites of DSBs, induced either by exogenous agents such as ionizing radiation or generated endogenously during programmed DNA rearrangements (Rogakou et Rothkamm and Lobrich, 2003) . Several studies have shown consistently that a g-H2AX focus represents one DSB and that g-H2AX foci formation can be used to measure the repair of individual DSBs in human cells (Rothkamm and Lobrich, 2003; Sedelnikova et al., 2002 Sedelnikova et al., , 2004 . For the fast phosphorylation of H2AX, g-H2AX can be monitored even at 1 min post-damage and this protein becomes fully phosphorylated at 10 min and will then remain in a phosphorylated state for 20 min (Rogakou and Pilch, 1999) . In our previous study, we demonstrated that in situ visualization of DSBs in confluent AG1522 cultures could be used to assess the early or initiation events of radiation-induced extranuclear/extracellular (bystander) effects (Hu et al., 2005; Han et al., accepted) .
The role of soluble transmissible factor(s) generated by irradiated cells that in turn induces toxic effects in non-irradiated cells has been demonstrated by many medium transfer experiments (reviewed by Azzam and Little, 2003) . Mothersill and Seymour (1997) first demonstrated a highly significant reduction in cloning efficiency in both non-irradiated normal as well as malignant epithelial cell lines that had received media from 60 Co-g-ray-irradiated human epithelial cell cultures. Further studies found that transferring media from low or high linear energy transfer-irradiated cultures to non-irradiated cells led to increased levels of various bystander effects, such as cell killing (Mothersill and Seymour, 1998; Lyng et al., 2000; Nagar et al., 2003) , neoplastic transformation (Lewis et al., 2001) , proliferation (Iyer and Lehnert, 2000) and genomic instability . These studies suggested that irradiated cells secreted a cytotoxic factor such as reactive oxygen species (ROS), transforming growth factor-b1 (TGF-b1) or interleukin-8 (IL-8 Nitric oxide as a signal in bystander effects W Han et al into the culture medium which was capable of causing damage in non-irradiated cells. Consistent with these studies, by using the g-H2AX foci as a surrogate marker of DSBs, we found that, as early as 2.5 min postirradiation, the irradiated cells secreted certain DSBinducing factors into the medium and resulted in the excessive DSBs in non-irradiated medium receptor cells (Han et al., accepted) . In the present studies, we investigated the nature of the DSB-inducing factor(s) and how it was generated and transferred. By treating the cells with L-NMMA to inhibit the NOS activity (Leach et al., 2002; Liu et al., 2005 ) (D-NMMA), it was found that L-NMMA, could effectively block the DIA of conditioned medium in the receptor cells. In contrast, D-NMMA, the inactive enantiomer had no effect. These are suggested that NO was a possible signal molecular in this process (Figure 1 ). There are two principal pathways for the generation of NO after stimulation of the cells with chemicals or radiation, that is, by activation of iNOS or cNOS. Distinguishing the two forms of NOS are based on the activation time after the stimuli, the quantity of the NO generated and whether it is Ca 2 þ dependent or not (reviewed by Stefano et al., 2000) . For constitutive NO , although the release level is only in the nM range, its transient release can have profound physiological activations for a longer period of time after NO has returned to its basal level (reviewed by Stefano et al., 2000) . Stefano et al. demonstrated that the release of NO from human endothelial cells treated with morphine or anandamide peaked within 5 min and returned to basal levels within 10 min. They attributed this to the activation of c-form of NOS, as iNOS can be activated only after prolonged (2 h) exposure to bacterial lipopolysaccharide and interferon-g, but remained significantly elevated over basal levels for 24-48 h (Stefano et al., 1995 (Stefano et al., , 1998 . Leach et al. (2002) showed that after 2 Gy X-ray irradiation, the activity of cNOS was transiently enhanced at 5 min post-irradiation and by 30 min NOS activity had returned to basal levels, implying that constitutive NO or its derivatives were the effectors activating the signal transduction pathways after irradiation. Shao et al. (2002 Shao et al. ( , 2003a indicated the importance of NO in the induction of micronuclei in bystander cells and suggested that the transmissible signaling molecule(s), such as TGF-b1 secreted from the irradiated cells activated iNOS in the non-irradiated cells. To investigate which form of NOS is involved in the initiation process of RIBE, herein the donor culture was treated with 7-Ni and L-NNA, the inhibitors of cNOS, before irradiation. The results showed that the DIA of conditioned medium decreased significantly when compared with the control without drug treatment, which implied NO might be derived from the activation of cNOS (Figure 1 ). On the other hand, treatment with AG did not decrease the DIA of conditioned medium, suggesting that the activation of iNOS might not be involved in the early process of RIBE. Moreover, our results show that even low-level (1 mM) ONOO À can induce the increase of distinct DSBpositive cells (Figure 7) .
The next critical question is whether NO was produced inside the irradiated cells or presented in the medium of irradiated cells. Based on the treatment of cells with DAF-FM diacetate or L-NNA as well as c-PTIO with ESR analysis, we found that NO was generated in the irradiated cells (Figure 2) , and presented in the medium post-irradiation (Figure 4) , which contributed to the induction of nitrosated stress signal in the medium receptor cells (Figure 6 ). Moreover, by treating the irradiated cells with the fluorescent probe DAF-FM diacetate before 1 cGy a-particle irradiation, the generation of NO in confluent AG1522 cells was found to be time-dependent. Furthermore, almost all NO was generated in about 15 min post-irradiation and no distinct fluorescence increase was observed after 10-15 min (Figure 3) . Similarly, the kinetics of the NO in the medium after irradiation was rapid and in the time-dependent manner with maximum levels observed 10 min after irradiation ( Figure 5 ). The time dependence of NO concentration presented in the medium was similar to that of DIA of conditioned medium (Han et al., accepted) , that is, transiently increased post-irradiation and then reached a maximum level at 10 min. As DSBs induction in cells is very sensitive and can be detected rapidly after irradiation, our findings on NO -mediated DSBs induction in nonirradiated bystander cells may reflect the initiation and early process of RIBE.
Finally, it should be pointed out that although our results indicate that NO , more likely constitutive NO, is generated in the irradiated cells, present in the medium of irradiated cell and formed the RNS stress in the medium receptor cells, the pathway of NO signaling and the contribution, if any, of other kinds of molecules such as ROS is not clear. Many studies have demonstrated that ROS is very important for the induction of RIBE (reviewed by Azzam et al., 2004) . Our previous studies (Hu et al., 2005 (Hu et al., , 2006 ) also indicate that ROS is an important mediator for the induction of DSBs in non-irradiated cells. Furthermore, by treating medium donor cells with dimethyl sulfoxide, a quencher of ROS, before irradiation could effectively reduce the DIA of conditioned medium (Han et al., accepted) . As a result, it is probably that both ROS and NOS are involved in the initiation of RIBE and ROS may be the upstream or downstream mediator of NO induction. Moreover, NO is also known to regulate the expression of TGF-b1 and IL-8 in some cells and the enhancement of NO might trigger the release of these cytokines to the medium (Vodovotz et al., 1999; Xiong et al., 2001 ).
Materials and methods
Cell culture AG1522 normal human diploid skin fibroblasts, received as a kind gift from Dr Barry Michael (Gray Cancer Institute, UK), were maintained in a-Eagle's minimum essential medium (Gibco) supplemented with 2.0 mM L-glutamine and 20% fetal bovine serum (FBS) (Hyclone, Logan, UT, USA) plus 100 mg/ ml streptomycin and 100 U/ml penicillin (Gibco, Grand Island, NY, USA) at 371C in a humidified 5% CO 2 incubator. For irradiation, approximately 1 Â 10 4 exponentially growing AG1522 cells in passages 12-15 were seeded into each specially designed rectangular dish (internal area: 10 Â 6 mm 2 ) consisting of a 3.5 mm thick mylar film bottom. The culture medium was replaced every 2 days and the cells were irradiated at day 3 under full confluent condition. At that time, about 92% of the cells were in G0-G1 as determined by flow cytometry (Azzam et al., 2001 ).
a-Particle irradiation and medium transfer experiments
The average energy of a-particles derived from the 241 Am irradiation source was 3.5 MeV measured at the cell layer and the particles were delivered at a dose rate of 1.0 cGy s À1 . To confirm whether the irradiated cells secreted the soluble transmissible factor(s) to the medium or whether these factor(s) resulted in DSBs induction in the non-irradiated cells, the medium transfer experiment was used in the present study. AG1522 cells cultured in a rectangular dish under confluent conditions were irradiated 100% with 1 or 20c Gy aparticles. After incubation for 10 min, the medium from the irradiated population was immediately collected and then transferred to a rectangular dish full of non-irradiated, confluent AG1522 cells. Thereafter, these receptor cells were incubated for 30 min with the conditioned medium and then were fixed for DSBs immuno-labeling or NO /NO 2 À fluorescence detection with fluorescent probe. Medium from 100% sham-irradiated dish was transferred to the receptor cells to sever as control. In some experiments, only medium without cells was irradiated and then the medium was transferred as described above. To test for the amount of NO /ONOO À production, medium was collected from irradiated cells and subjected to ESR measurement at the indicated time points.
Immunochemical staining of cells (g-H2AX) and DSBs measurement Immunochemical staining of cells was performed as described (Aten et al., 2004) . Briefly, after incubation, cells in the dish were washed with phosphate-buffered saline (PBS) three times, fixed in a 2% paraformaldehyde solution in PBS for 15 min at room temperature and then rinsed three times with PBS again. Before immunochemical staining, cells were incubated for 30 min in TNBS solution (PBS supplemented with 0.1% Triton-X 100 and 1% FBS) to improve their permeability and then incubated with anti-g-H2AX antibody (Upstate Biotechnology, Lake Placid, NY, USA) in PBS þ (PBS supplemented with 1% FBS) for 90 min, washed in TNBS (3 Â , 5 min) and incubated in PBS þ containing the fluorescein isothiocyanate-conjugated goat anti-mouse secondary antibody (Haoyang Biological Manufacture Company, Tianjin, China) for 60 min. After washing with TNBS (3 Â , 5 min), cells were counter-stained with Hoechst 33342 at a concentration of 5 mg/ml for 20 min at room temperature. After a final wash with TNBS, the stained cells on the mylar film were mounted using 50% glycerol-carbonate buffer (pH 9.5).
The stained rectangular dishes were loaded on a 35-mm diameter glass bottom dish (glass thickness: 0.17 mm, Netherlands), which was used as a holder. Immunofluorescent images were captured by Confocal Laser Scanning Microscope (Leica, TCS SP2, Bensheim, Germany). For quantitative analysis, the cells with g-H2AX foci were regarded as the positive cells and the fraction of positive cells was calculated (cells with DSBs/ total cells) as described previously (Limoli et al., 2002; Fagagna et al., 2003) . At least 1000 cells in each sample were counted and statistical analysis was performed on the means of the data obtained from at least three independent experiments.
DSBs induction in receptor cells with treatment of NOS inhibitors or DAF-FM diacetate
To test whether NO is involved in the rapid release of signal and the rapid induction of DSBs among the receptor cells, the medium in the donor cells was replaced with the fresh medium containing either L-NMMA (1 mM), D-NMMA (1 mM) or 7-Ni (4 mM) 1 h, or AG (0.1 mM) 2 h before irradiation. After irradiation, the donor cell culture was incubated for 10 min and then the medium was immediately collected and transferred to the receptor cells to quantify its DIA as described above.
To trap the possibly induced intracellular NO , DAF-FM diacetate at a working concentration of 20 mM or L-NNA (1 mM) was added to the irradiated culture 30 min before irradiation. The additional dye or drug in the medium was removed by rinsing the cells in culture three times with fresh culture medium. After irradiation, the irradiated cultures were incubated for 10 min and then the medium was immediately collected and transferred to the receptor cells to quantify its DIA as described. (Kojima et al., 1998 (Kojima et al., , 1999 . The cells in culture were incubated with DAF-FM diacetate (10 mM in saline buffer containing the following: NaCl 140 mM, KCl 5 mM, MgCl 2 2 mM, 4-(2-hydroxyethyl)-1-piperazine-ethanesulphonic acid 10 mM, glucose 10 mM, sucrose 6 mM, CaCl 2 2 mM (Li et al., 2003) for 40 min at 351C. After the excess probe was removed, the cells were rinsed with the buffer (3 Â ). Fluorescence was measured with a Spetra Max M2 (Molecular Devices, Synnyvale, CA, USA) fluorescence reader and the excitation/ emission were set at 495/515 nm. To follow the production of NO /NO 2 À in the irradiated cells, the confluent culture grown in the 8.2 mm diameter dish with mylar film bottom was irradiated with a 1 cGy dose of a-particles and the kinetics in NO /NO 2 À induction was followed up to 30 min postirradiation.
To investigate the NO /NO 2 À stress in the receptor culture, confluent cells growing in 96-well cell culture plates treated with the dye before medium transfer were mixed with the medium collected from donor cells at 10 min post-irradiation. After incubation with conditioned medium for 30 min, the intensity of the fluorescent signals, which served as surrogate marker of NO /NO 2 À was measured using a microplate fluorescence reader.
Measurement of NO /ONOO
À in the medium of irradiated cells with ESR To monitor the total amount of a-particle-induced NO / ONOO À in the irradiated cell culture among the period of 30 min post-irradiation, c-PTIO was added to the medium (20 mM) before irradiation. After irradiation, the tissue culture dishes were immediately incubated for 30 min. Hundred microliters cell culture medium was collected and quickly frozen in liquid nitrogen for ESR analysis. Cells in culture treated with NOS inhibitor (1 mM L-NMMA) 1 h before irradiation and with the medium without cells were used as control.
To examine time dependence of NO /ONOO À concentration in the culture medium, 95 ml medium was collected immediately at predetermined time point and then mixed with 5 ml c-PTIO (20 mM). The mixture was quickly frozen in liquid nitrogen for ESR analysis. ESR spectra were recorded at À201C. Samples in the 100 ml capillaries inserted into 4 mm quartz tubes were used for ESR analysis. ESR spectra were recorded at room temperature or À201C on a JES-FA 200 ESR spectrometer operating at 9.43 gHZ (room temperature) or 9.05 gHZ (À201C) and with a 100-kHz field modulation. Spectrometery conditions were as follows: microwave power, 2 mW; scan range, 20 mT; modulation amplitude, 0.1 mT; time constant, 0.1 s; scan time, 1 min. The relative signal intensity of c-PTIO is represented by dividing the ratio of the c-PTIO signal intensity of conditioned medium (collected from 1 cGy a-particle irradiated culture) by that of sham-irradiated culture. The decrease in c-PTIO signal intensity indicates that the increase of NO /ONOO À production and release.
Statistics
Data are presented as means7s.d. Significance levels are assessed using Student's t-test. A P-value of 0.05 or less between groups is considered to be significant. Supplementary information is available at Oncogene's website. 
